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Introduction
Multilayered coatings of transition metal nitrides exhibit many unusual physical and mechanical properties [1, 2] , which render them applicable for many uses, e.g. as engineering tools, magnetic and electric components, and superconducting devices [3] .
In particular, multilayered TiN/VN superlattices show a hardness as high as 56 GPa, much higher than either of its host coatings [4, 5] . To date, there are a few mechanisms for strength enhancement, which are classified as coherency stresses (or supermodulus effects) and nanostructure effect [6] . Chu and Barnett [7] proposed that the difference in shear moduli between the two components may give rise to a high intrinsic stress in coatings, which blocks dislocation motion and leads to a high hardness. On the other hand, Mendibide et al. [8, 9] attributed the improved wear resistance of the CrN/TiN nanolayers to hindrance of crack propagation. Moreover, metastable phases can form between adjacent layers in multilayered coatings because of the template effect, e.g. in TiN/AlN [10−13] . The high-pressure rocksalt structure of AlN can be stabilized in the epitaxial TiN/AlN superlattices when the layer thickness of AlN is no more than 2 nm. However, a stable hexagonal phase of AlN is formed when the layer thickness is over 2 nm, resulting in a critical thickness of 2~3 nm for cubic AlN [14−16] . Such template effect is also affected by the orientation of the multilayered coatings, and the preferred orientation of the starting layer determines the preferred orientation of entire coatings [17, 18] . For example, the 3 orientation in TiN/CrN multilayered coatings shifts from (111) to (200), resulting in significant enhancement of hardness [17] .
However, it remains unclear why strength is enhanced in multilayered coatings. Dong et al. [19] synthesized ZrN/Si 3 N 4 nano-multilayers and found that amorphous Si 3 N 4 layer is crystallized once its thickness is less than 0.9 nm owing to the template effect. Wen et al. [10, 20] 
Calculational details
Calculations were carried out using Cambridge Sequential Total Energy Package (CASTEP) within the framework of DFT [33] . The pseudopotential was applied for describing the electron-ion interaction, and the generalized gradient approximation of Perdew and Wang (PW91) was used to address exchange-correlation functional [34] .
The single-particle Kohn-Sham wave functions were expanded using plane wave with a cutoff energy of 600 eV. A vacuum of 30 Å was embedded into surface supercells to avoid unwanted interactions between slab and its periodic images. Sampling of the 5 irreducible edge of Brillouin zone was conducted using the regular Monkhorst-Pack grid with 12 × 12 × 12 k points for bulk TiN and AlN, and 8 × 8 × 1 for surface and adsorption process [35, 36] . A series of independent convergence tests were performed, verifying that the above parameters were sufficient to converge total energy to within 0.01 eV/atom.
For <111> TiN surface, a 13-layer slab was found to be thick enough to exhibit bulklike interiors [6] . Six terminations were considered which are divided into two groups in light of termination: N-and Ti-terminated surfaces with three stacking sequences for each group ( 
where E TiN , E M , and E TiN/M are total energy of isolated TiN slab, M atom (M = Al or N), and the whole system, respectively. The Al or N atoms are added alternatively to the Ti-and N-terminated surfaces.
All atoms are allowed to relax at every step. To ensure a continuous process of growth, the starting atomic positions at each adsorption step are taken from previously relaxed structure, which has the largest adsorption energy and is viewed as the most stable one. the TiN by one atomic layer ( Fig. 3(a) and 4(b) ). We hence conclude that the fcc-AlN can exist only in a few layers. We hereafter analyze the Ti-terminated case only due to the similarity in structure between the N-and Ti-terminated surfaces. W ads before and after relaxation, and the stacking sequence shifts from the fcc-mode to hcp-mode. The surface effect is therefore weakened substantially with the increase of film thickness and the N-3 atom is critical to the transformation of AlN polymorphs.
Adsorption energy

Partial density of states
To gain further insight into electronic states, we present in Al2 and N1 at the step3; 4) at the step4, the p state of N3 are shifted a little away from the E F , accompanied by the similar shift of s and p states of Al2, giving the evidence of enhanced interactions between these two atoms.
Charge density and density difference
To provide a deeper understanding of the adsorption process, we calculate charge density and its difference for the relaxed atomic configurations from step 1 to 4 (Fig.   6 ). The (110) plane has been chosen purposely so that the slice passes through N, Ti, and Al atoms, allowing us to note clearly the majority of bonding interactions between them. Looking at Fig. 6(a) , we note that the added N1 atom gains electrons from its neighbouring Ti, enhancing their interaction. When the Al2 atom is added, it supplies electrons to the N1 atom, implying a weakened interaction between N1 and Ti atoms.
However, once the N3 atom is grown, the Al2 atom somewhat shifts away from the N1 atom, giving rise to a similar electron distribution of N1 in between the N-1 and N-3 cases. This phenomenon agrees with the above partial density of states analysis (Fig. 5) . Further adsorption of Al4 atom terminates the transition from the fcc-mode to hcp-mode in view of the stacking sequences of top site between Al and N atoms. We thus conclude again that the N3 atomic layer is critical to the template effect.
Conclusions
We have performed a first-principles study of the adsorption process of Al and N atoms on TiN(111) surface, aiming at probing template effect in a TiN(111)/AlN(111) multilayered coating. We consider an alternative adsorption of the Al and N atoms at three sites on the N-and Ti-terminated TiN surfaces, and reveal a transition from fccto hcp-mode regardless of the termination, indicating that the template effect exists in a few AlN layers of only. Further examination of the adsorption energy at each step reveals that the FL and SL sites of the N3 atom have a similar relaxed adhesion energy, implying that the hcp-mode tends to occur. Several analytic methods have been used to analyse the adsorption process. We find that the N3 atom mainly gains electrons at the expense of charge loss on its adjacent Al2 atom, thereby weakening the interaction between Al2 and N1 atoms. A transition occurs once the Al4 atom is added, indicating that the N3 atomic layer is crucial to the template effect.
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